We use top quark pair production as a probe of top-philic non-resonant new physics. Following a low energy effective field theory approach, we calculate several key observables in top quark pair production at hadron colliders (e.g., total cross section, tt invariant mass distribution, forward-backward asymmetry, spin correlations) including the interference of the Standard Model with dimension-six operators. We determine the LHC reach in probing new physics after having taken into account the Tevatron constraints. In particular, we show that the gluon fusion process gg → tt which remains largely unconstrained at the Tevatron is affected by only one top-philic dimension-six operator, the chromo-magnetic moment of the top quark. This operator can be further constrained by the LHC data as soon as a precision of about 20% is reached for the total tt cross-section. While our approach is general and model-independent, it is particularly relevant to models of Higgs and top compositeness, which we consider in detail, also in connection with tttt and ttbb production.
Introduction
Top quark physics is among the central physics topics at the Tevatron and it will remain so at the Large Hadron Collider (LHC) in the next few years. The top being the only quark with a coupling to the Higgs of order one, it is expected to play a special role in electroweak symmetry breaking and as a result its coupling to new physics could be large. Searching for beyond the Standard Model (SM) physics in observables involving the top quark is therefore strongly motivated. Top physics has actually reached a high level of sophistication and we already know a lot from the Tevatron which has set strong constraints on top-philic new physics [1] [2] [3] [4] . Until recently, Tevatron was the only source of top quarks. However, LHC has finally produced its first top quarks [5] [6] [7] [8] and will soon become a major top quark factory.
So, what more can we expect to learn about the top at the LHC? The top quark is mainly produced in tt pairs, the single top rate being roughly one third. At the lowest order in perturbative QCD, this occurs either from quark-antiquark annihilation,→ tt, or from gluon fusion, gg → tt. What has been mainly tested at the Tevatron is the hard process→ tt, which contributes to 85% of the total tt cross-section. The new physics contributions to gg → tt remain to date largely unconstrained. Therefore, there is a large unexplored territory related the top pair production that we can hope to unveil at the LHC, where tt is produced at 90% (70%) by gluon fusion at 14 TeV (7 TeV) . This simple observation is the starting point of our investigation.
A large effort has been devoted to search for new physics in tt resonances [9] [10] [11] . While the current existing bounds do not forbid the existence of new degrees of freedom that are within the kinematical reach of the Tevatron and the LHC, electroweak precision data [12] together with constraints from flavour physics make plausible if not likely that there exists a mass gap between the SM degrees of freedom and any new physics threshold. In this case, the effects of new physics on a SM process like the tt production can be well captured by higher dimensional interactions among the SM particles. These new interactions are assumed to respect all the symmetries of the SM. In this work, we follow this low-energy effective field theory approach. Our study concentrates on testing non-resonant top-philic new physics, focusing on modifications from new physics to top pair production. The study of some dimension-six operators on tt production at the Tevatron was initiated in Refs. [13] [14] [15] [16] [17] and further explored in Refs [18] [19] [20] [21] [22] . An effective field theory approach to single top production would be the subject of another study and we refer the reader to Ref. [23] [24] [25] for this purpose. On the other side, the effect of higher dimensional operators on top anomalous couplings has already been discussed in Refs. [26] [27] [28] [29] [30] .
This work is organized as follows. We derive the effective Lagrangian relevant for top quark pair production, considering operators up to dimension-six, and connect it with composite and resonant models in Section 2. Section 3 is devoted to top pair production. Our goal is to present an analysis where the full parameter space is considered with respect to the constraints from the Tevatron. Once we have identified the unconstrained region, we determine which region will be further probed at the LHC. In particular, we include the latest CDF measurement of the invariant mass differential cross-section (based on 4.8 fb −1 of data [31] ) in Section 3.3. We explore different observables like the tt invariant mass, the p T and the rapidity distributions at the LHC and find that their discriminating power is modest. Our final results are shown in Figs. 4 and 5. We also show that the forward-backward asymmetry at the Tevatron is affected by only one particular linear combination of four-fermion operators, that remains unconstrained by cross section measurements (Section 3.4). Finally, spin correlations, evaluated in Section 3.5, are found to be quite sensitive to new physics. Another complementary and compelling probe of top-philic new physics is the four-top production [32] . This is discussed in Section 4 together with top pair production in association with bb. We summarize our results and conclude in Section 5.
Effective Lagrangian for top quark pair production 2.1 Dimension-six operators with two top quarks
When working with an effective field theory, the starting point is to consider the underlying symmetries. Here, we assume that the symmetries of the SM, including the baryon number conservation, are unbroken by the new physics. The gauge invariant operators of dimensionsix built from the SM degrees of freedom were classified many years ago in Ref. [33] and reconsidered recently in Ref. [34] . We shall focus our analysis on top-philic new physics, i.e., new physics that manifests itself in the top sector, as well-motivated in a large class of theories to be discussed in Section 2.3, but we do not consider new interactions that would only affect the standard gluon vertices like for instance the interactions generated by the operator
µ (see Refs. [24, [35] [36] [37] for a study of its effects on top pair production). Hence we consider the set of operators which affect the tt production at tree-level by interference with the SM amplitudes. Both at the Tevatron and at the LHC, the dominant SM amplitudes are those involving QCD in quark-antiquark annihilation or gluon fusion. Therefore we shall neglect all new interactions that could interfere only with SM weak processes like→ Z(γ) → tt. Our analysis aims at identifying the effects of the new physics on top pair production, so it ignores the operators which affect the decay of the top [24, 28, 38] . We are then left with only two classes of dimension-six gauge-invariant operators [33] :
• operators with a top and an antitop and one or two gluons, namely
where Q = (t L , b L ) denotes the left-handed weak doublet of the third quark generation, t is the right-handed top quark, T A are the generators of SU(3) in the fundamental representations normalized to tr(T A T B ) = δ AB /2.
• four-fermion operators with a top and an antitop together with a pair of light quark and antiquark that can be organized following their chiral structures:
LLLL:
RRRR:
LLRR:
LRLR:
where σ I are the Pauli matrices (normalized to tr(σ I σ J ) = 2δ IJ ), q and u and d are respectively the left-and right-handed components of the first two generations.
Note that there also exist some colour-singlet analogues of all these operators, that can be generated by a heavy Z ′ in s-channel for example. However, they do not interfere with the SM QCD amplitudes and therefore are not considered here. In other words, we assume that new physics manifests itself at low energy only through operators interfering with the SM. We will comment further on this assumption in Section 3.2.2. All the four-fermion operators are written in the mass-eigenstates basis and no CKM mixing will enter in our analysis since we are neglecting weak corrections. We have discarded the operator Q T A γ µ q L Q T A γ µ q L as well as its SU(2) triplet and color singlet 1 analogues since they are already strongly constrained by flavour physics [40] . Note also that operators with a different Lorentz or gauge structure, like for instance (Qγ
, can be transformed (using Fierz identities, see App. A) into linear combinations of the four-fermion operators listed above and their colour-singlet partners.
TheLRLR operator O
involves both the left-and the right-handed components of the down quark. Given the fact that QCD interactions are chirality-diagonal, it can only interfere with the SM amplitude after a mass insertion. Therefore, its contribution to the tt production cross section is negligible and we shall not consider it further in our analysis.
It is rather natural to assume the universality of new physics with respect to the light generations. In that limit, the contribution to the cross section from the second generation is more than two orders of magnitude smaller than the one from the first generation due to the different parton distribution functions (pdf). We shall therefore concentrate on the contribution from the first generation only.
Our list (1)-(5) of top-philic operators contains eleven operators. However, they are still not all independent. Indeed, using the equation of motion for the gluons:
we obtain the following two relations :
The linear combinations
gQ do not interfere with the SM amplitudes because the associated vertices are CP-odd and we are not concerned about CP violating observables (see Ref. [24, 39] for a discussion on possible observables sensitive to CP violation). Consequently, the two operators O gt and O gQ can be dropped in our analysis and only one two-fermion operator, namely O hg , interferes with the SM gluon fusion process!
In conclusion, the most general top-philic Lagrangian that can affect the tt production involves eight dimension-six operators
where i runs over the seven self-hermitian four-fermion operators of Eqs. (2)-(4). In Eq. (9), the coefficient c hg might be complex. However, since we are concerned with CP-invariant observables, only its real part enters in the interference with the SM processes and therefore we shall assume in our analysis that c hg is real. This coefficient corresponds to a chromomagnetic moment for the top quark.
The relevant operators
In Eq. (9), we have identified eight independent top-philic operators. Yet, additional simple considerations are going to show that physical observables like the tt production total cross section, the m tt invariant-mass distribution or the forward-backward asymmetry, depend only on specific linear combinations of these operators.
The seven four-fermion operators can be combined to form linear combinations with definite SU(2) isospin quantum numbers. In the isospin-0 sector, it is further convenient to define axial and vector combinations of the light quarks:
and similar operators involving the left-handed top quarks:
Qq .
The reason is that the axial operators are asymmetric under the exchange of the quark and antiquark while the vector operators are symmetric 2 :
Therefore, the interferences of O Ra and O La with the SM will be odd under the exchange of the momenta of the initial partons and these axial operators can only contribute to observables that are odd functions of the scattering angle and certainly not to the total cross section. On the contrary, the operators O Rv and O Lv are even functions of the scattering angle and can contribute to σ tt . In addition, the operators O Rv and O Lv will obviously produce the same amount of top pairs but with opposite chirality. Consequently, the spin-independent observables associated to the tt production are expected to depend only on the sum O Rv + O Lv while the difference O Rv − O Lv will only contribute to spin-dependent observables. Similarly, but with a sign flip, only their difference, O Ra − O La , can contribute to spin-independent observables and in particular to the tt differential cross section after summing over the spins. The orthogonal combination O Ra + O La could contribute to spin-dependent observables which are odd functions of the scattering angle, but we shall not consider any observable of this type in our analysis.
Therefore, we expect a dependence of the total pair production cross section on the sum
2 The matrices Cγ µ γ 5 are antisymmetric but the matrices Cγ µ are symmetric, C being the charge conjugation matrix. and the forward-backward asymmetry will depend on the combination c Aa = c Ra − c La with
The difference c Av = c Rv − c Lv (15) can only contribute to spin-dependent observables (see Section 3.5).
The isospin-1 sector is spanned by the three combinations:
Qd and O (8, 3) Qq .
Again, parity arguments lead to the conclusion that the total cross section can only depend on the combination c
while the forward-backward asymmetry will only receive a contribution proportional to
and spin-dependent observables will depend on (see App. C)
Numerically, we shall see in Section 3.2 that the isospin-0 sector gives a larger contribution to the observables we are considering than the isospin-1 sector. This is due to the fact that a sizeable contribution to these observables is coming from a phase-space region near threshold where the up-and down-quark contributions are of the same order.
It is interesting to note that, in composite models, where the strong sector is usually invariant under the weak-custodial symmetry SO(4) → SO(3) [41] , the right-handed up and down quarks certainly transform as a doublet of the SU(2) R symmetry, and therefore c Qu = c Qd . There are however various ways to embed the right-handed top quarks into a SO(4) representation [32] : if it is a singlet, then c tu = c td also and the isospin-1 sector reduces to the operator O (8, 3) Qq only. In summary, the relevant effective Lagrangian for tt production contains a single twofermion operator and seven four-fermion operators conveniently written as:
The vertices arising from the dimension-six operators given in Eq. (20) relevant for top pair production at hadron colliders are depicted in Fig. 1 . 
Connection with composite top and resonance models
The effects of a composite top have been first studied in Ref. [42] . The construction of an effective Lagrangian for the fermionic sector has been discussed in details in Ref. [32] . It relies on the assumption of partial compositeness, meaning that SM fermions are assumed to be linearly coupled to the resonances of the strong sector through mass mixing terms (see e.g [43] ). The composite models are characterized by a new strong interaction responsible for the breaking of the electroweak symmetry and broadly parametrized by two parameters [44] : a dimensionless coupling g ρ and a mass scale m ρ . The latter, associated with the heavy physical states, was generically denoted Λ in Eq. (9) . In order to alleviate the tension with EW precision data, we assume that in the limit where all the gauge and Yukawa interactions of the SM are switched off, the full Higgs doublet is an exact Goldstone boson living in the G/H coset space of a spontaneously broken symmetry of the strong sector. In such a case, f , the decay constant of the Goldstones, is related to g ρ and m ρ by
with 1 g ρ 4π. The effective Lagrangian of the gauge and Higgs sectors was constructed in Ref. [44] . At energies below the resonances masses, the dynamics of the top sector is described by the usual SM Lagrangian supplemented by a few higher dimensional operators. Simple rules control the size of these different operators, referred as Naive Dimensional Analysis (NDA) [45, 46] . Inspired by the rather successful chiral perturbation approach to QCD at low scale, NDA provides the following rules for the effective operators beyond L SM in equation (9): 1. first, multiply by an overall factor f 2 ;
2. then, multiply by a factor 1 f for each strongly interacting field;
3. finally, multiply by powers of m ρ (instead of Λ) to get the right dimension.
Hereafter, we consider two classes of gauge-invariant operators which are relevant for top pair production:
• Operators that contain only fields from the strong sector are called dominant because their coefficients scale like g 2 ρ . In most composite top models, only its right component is composite to avoid experimental constraints. In this case, there is only one such operator since the color octet equivalent is related to the color singlet by a Fierz transformation (O
If only the left handed top is composite, there are two independent dominant operators,
In the most general scenario where both chiralities are composite, two additional operators should also be considered,
Figure 2: Typical one loop contributions of (a) the dimension-six operators (22)- (24) leading to δc Rv and δc Lv respectively once the equation of motion (6) is used, and (b) the dimension-eight operator HQt HQt leading to δc hg if one chirality-flip is considered in the loop.
Needless to say that none of these operators contribute at tree-level to tt production. Yet they are relevant for direct production of four top-quarks (see Section 4).
• Operators which contribute directly to tt production are subdominant. On the one hand, the four-fermion operators given in Eq. In the limit g ρ ∼ 4π, the one-loop contributions of the dominant operators (22)- (24) to top pair production may be as large as the tree-level contributions of the subdominant ones given in Section 2.2. However, the chiral structure of the dominant operators are such that their one-loop corrections (see Fig. 2a and 2b) simply amount to redefining the coefficients c Rv and c Lv in the Lagrangian (20) [47] :
where loop [47] . However, SU(2) gauge invariance requires to consider loop corrections induced by a dimension-eight operator like HQt HQt with the Higgs field H replaced by its vev (see Fig. 2b) .
Similarly, the connection within resonance models is quite straightforward using the standard Fierz relations of App. A. The exchanges of heavy vectors and scalars lead to fourfermion operators (explicit formulas are given for instance in Ref. [20] ) but cannot contribute to the top chromo-magnetic moment at tree-level as a consequence of SU(3) c gauge invariance (see Fig. 3a ). Only higher-dimension effective operators quadratic in the gluon field-strength can be induced in this frame. For example, a heavy scalar or tensor induces at tree-level the operator HQt + h.c. G µν G µν or HQt − h.c. G µνG µν (see Fig. 3b ). So, the operator O hg can only be generated at the loop-level and is suppressed in resonance models.
Finally, note that a generic prediction of recent models of Higgs and top compositeness is the existence of fermionic top partners ("custodians") whose mass is below the mass scale of the vector resonances m ρ [48] [49] [50] . They do not appear in our low-energy effective field theory approach. However, they could be produced singly or in pairs at the LHC, and decay either into tZ, tH, bW or tW , therefore possibly making a new physics "background" to tt + X final states. We leave the study of these effects and their description in terms of effective operators to future investigations.
Top pair production cross section
We now move to the core of our model-independent analysis whose goal is to evaluate the LHC potential in probing new physics in top pair production beyond the Tevatron's reach.
Partonic differential cross sections
As already mentioned, top pair production is calculated at the same order in 1/Λ as the Lagrangian in Eq. (20)
where M N P represents the matrix element of all the (new physics) dimension-six operators introduced in Section 2. From the Lagrangian in Eq. (20), the two parton-level cross sections for tt production at O (Λ −2 ) follow from the Feynman diagrams depicted in Fig. 14 
where the upper (lower) sign is for the up (down) quarks and
with
The Mandelstam parameter t is related, in the tt center-of-mass frame, to the angle θ between the momenta of the incoming parton and the outgoing top quark by (
All the contributions to the tt differential cross section but the one proportional to c Aa ±
Similar results have already been derived in the literature. For instance, these cross sections were recently fully computed in Ref. [24] and consistent with our expressions with the identifications given in Table 1 . This non exhaustive table also gives the correspondences with respect to some other recent works [19] [20] [21] 51] . Note that the contribution of the chromomagnetic operator O hg has been extensively discussed in the literature [14] [15] [16] [17] and recently revisited for both processes in Ref. [21, 22] .
As can be seen from Eqs. (30) and (28), the new physics and the SM contributions for gluon fusion have a common factor. In fact, this common factor is what is mainly responsible for the shape of the distributions of the SM. This is the reason why, as we will stress again in the following, the operator O hg can hardly be distinguished from the SM in gluon fusion. Equation (27) shows that only two kinds of four-fermion operators actually contribute to the differential cross-section after averaging over the final state spins:
• the first one is responsible for the even part in the scattering angle proportional to
where here t and q = u, d stand for the full 4-component Dirac spinor;
Ref. [24] Ref. [19] Ref. [51] Ref. [20] Ref. [21] c hg Qq . Blank entries mean that the corresponding operators were not considered.
• the second one is responsible for the odd part in the scattering angle proportional to c Aa ±
3.2 Total cross section
LHC-Tevatron complementarity
Since the dependence on c Aa and c ′ Aa vanishes after the integration over the kinematical variable t, the total cross section depends thus only on the three parameters c hg c V v and c ′ V v . Moreover, the tt production by gluon fusion only depends on the coefficient of the operator O hg . Our results for tt production are obtained by the convolution of the analytic differential cross section of Eqs. (27) and (28) with the pdf (taking CTEQ6L1 [52] ). We have also implemented the new vertices in MadGraph [53] and used them to validate our results. At leading order, we have -at the LHC ( √ s = 14 TeV):
σ (qq → tt) /pb = 72
σ (pp → tt) /pb = 538 
Numerically, the contribution from the isospin-1 sector (c ′ V v ) is suppressed compared to the contribution of the isospin-0 sector (c V v ) and this suppression is more effective at the LHC than at the Tevatron. This is due to the fact that, at Tevatron, the top pair production by up-quark annihilation is 5 ÷ 6 times bigger than by down-quark annihilation. At the LHC, this ratio is reduced to 1.4 only. In most of the rest of our analysis, we shall neglect the contribution from the isospin-1 sector since it is subdominant.
The measurements of the total cross section at the Tevatron and at the LHC are complementary as shown in Fig. 4 . As expected, the LHC pp → tt total cross section strongly depends on c hg . Consequently, it can be used to constrain directly the allowed range for c hg . On the contrary, the corresponding Tevatron cross-section depends on both c hg and c V v and constrains thus a combination of these parameters.
In Fig. 4 , we assume that the central measured value of the cross section at the LHC coincides with the SM theoretical prediction. Figure 5 shows how the allowed region is shifted to the left (right) if the measured value is lower (higher) than the computed value. We use the NLO+NLL prediction [54] 
and at the Tevatron σ 
In Fig. 4 , we combine the errors linearly. For the experimental value, we use the CDF combination of all channel at 4.6 fb −1 [55] ,
TeV obs = 7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(lumi) pb (44) and combine the errors quadratically. Due to the rather large uncertainties on the theoretical normalization, the region allowed by the total cross section measurement remains large. Even if the experimental precision becomes very good, a rather large allowed region will remain due to the theoretical uncertainties. An improvement of the theoretical prediction for top pair production in SM is necessary to reduce the allowed region. The theoretical uncertainties for the new physics part are estimated by changing the factorisation scale µ F and the renormalisation scale µ R . The errors from the pdf are not computed. The errors on 
Domain of validity of the results
Our calculation is performed at order O(1/Λ 2 ) as we keep only the interference term between the dimension-six and the Standard Model and we neglect any contribution suppressed by higher power of Λ. The validity of our results is thus limited to values of new coupling parameters and Λ satisfying
where n > 2 and κ should be at least 2 in order to keep higher order the correction below 50%. We have estimated the size of the O(Λ −4 ) contributions by computing the squared Figure 5: Summary plot (taking µ F = µ R = m t and defining the exclusion region at 2σ). The yellow region is excluded by the Tevatron. The green (blue) region is excluded by LHC at 7 TeV (14 TeV) after a precision of 10% is reached on the tt cross section. In the first plot, it is assumed that the measured cross section is the SM value. If the measured value deviates from the SM one, the center of the unconstrained white region will be translated along the thin black line as indicated. For instance, the second and third plots show the displacement of the white region if the measured σ tt is respectively +10% and −20% of the SM value.
amplitudes of each dimension-six operators with MadGraph and we find at the LHC 14 TeV :
and, at the Tevatron,
Therefore, at the Tevatron, our results apply to a region of parameter space bounded by |c i | 4/κ. Nevertheless, outside this region, the effect of the new physics should remain more or less of the same order excepted of course if there is some huge cancellation. Moreover, the cross-section is expected to be harder and harder as operators of higher dimensions are included in the effective Lagrangian. Ultimately some resonance threshold will be reached, leading to a radically different crosssection than the one predicted by the Standard Model. It was found recently in Ref. [25] that for the four-fermion operators, there are O(1/Λ 4 ) corrections from non-interfering contributions that can be almost as large as the O(1/Λ 2 ) interfering contributions at the LHC if Λ ∼ 1 TeV. However, at the LHC, these four-fermion operators give small contributions compared to the chromomagnetic operator. So we can conclude that including non-interfering four-fermion operators will not change much our numerical analysis.
Finally, to have an idea on how heavy the particles associated with new physics should be to allow an effective field theory treatment at the LHC, we compare in Fig. 6 the correction to the SM cross-section at the LHC due to a W ′ (whose coupling to d and t quarks is 1) and the correction due to the corresponding effective operators (
. This plot shows that for M W ′ 1.5 TeV the effective operators are a very good approximation (up to a few percents) at the LHC, although this depends on the coupling. We will show in Fig. 9 that a similar conclusion is reached at the Tevatron. Consequently, the resonance models cannot be constrained in our effective approach since the exclusion regions in Fig. 5 correspond, for example, to a relatively light resonance (M TeV) with a coupling of order 1. 
tt invariant-mass, p T and η distributions
It was shown in Ref. [19] that the operators O hg and O Rv can modify the invariant mass distribution at the Tevatron without drastically affecting the total cross section, although no constraint was derived explicitly. We use in this section the latest CDF data [31] to further constrain new physics. See also Ref. [51] for a similar study on theLLLL and RRRR operators with the first data [56] . Since we have already used the measured total cross section to constrain the parameter space here we only employ the shape information.
For the sake of simplicity, in our analysis we assume that the measured values m i are normally distributed around the corresponding theoretical predictions t i with a standard deviation σ i given by their errors. Errors coming from different sources have been combined quadratically. We multiply by a common free coefficient ζ the theoretical prediction to get rid of the normalisation constraint. In practice, we use the best value for ζ. The quantity
is then distributed as a χ 2 with n − 1 degrees of freedom. The theoretical predictions are obtained by integrating Eqs. (27) and (28) over the scattering angle. The explicit formulas are given in App. C. The SM distribution is computed at the tree level and normalised to the NLO+NLL result. The errors on the contribution of the operators are estimated by changing the factorisation and renormalisation scales. We take into account the bins between 350 GeV and 600 GeV (n = 13). We cannot use the full distribution since our calculation only makes sense if |g N P | corrections from |M N P | 2 are a bit less than 50% of the 1/Λ 2 corrections. For the next bins, these next order corrections become too large.
In Fig. 4 , we show the region consistent at 95% C.L. with the tt invariant mass constraints reported in Ref. [31] . As expected, the invariant mass shape is sensitive to a very different combination of the parameters than the total cross section. Indeed, the interferences with the operators O Rv and O Lv grow faster than the SM by a factor s, which is not the case for 
+2
. The good constraints obtained with the invariant mass at the Tevatron suggest to look for similar effects at the LHC. However, at the LHC, the top pair is mainly produced by gluon fusion and the contributions of O Rv and O Lv are much smaller than the SM contribution. Moreover, the effect of these operators becomes important at high energy where our expansion breaks down. Only O hg has an important contribution. However, this contribution has a similar shape as that of the SM for reasons already mentioned in Section 3.1 and confirmed by Fig. 7 . The effects of the new operators will be much harder to be seen in the m tt distribution but also in the p T and η at the LHC, as shown in Fig. 7 .
Forward-backward asymmetry
In this section we analyse the forward-backward asymmetry in our framework (for an analogous study with older data see Ref. [20] ). The forward-backward asymmetry in tt production is defined as
where θ t is the angle between the momenta of the incoming parton and the outgoing top quark in the laboratory frame. In the Standard Model, there are no preferred directions for the top and anti-top quarks at the lowest order. A positive asymmetry is generated at NLO, i.e., top quarks prefer to go in the direction of the incoming quark and the anti-top quarks in the direction of the incoming antiquark [57] :
The recent measurement of A F B at the Tevatron shows an intriguing deviation from the Standard Model prediction [58] [59] [60] . The most recent CDF result (5.3 fb
is larger by about 2σ than the SM prediction. While a thorough investigation within the Standard Model and in particular of the impact of the unknown higher order QCD corrections would be certainly welcome, it is tempting to explain this discrepancy as the effect of new physics in various models [20, 51, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . An attractive, simple and model-independent alternative is to consider the low energy effective field theory of Section 2. A first obvious observation is that no asymmetry can arise in gluon fusion in which the initial state is symmetric. From Eq. (27), we see that the asymmetry can only depend on c Aa and c ′ Aa . Since their contribution is a purely odd function of the scattering angle θ defined in Eq. (32), these coefficients are only constrained by the asymmetry and not by the total cross section nor the invariant mass distribution. After integration with the pdf, we find in the lab frame σ (cos θ t > 0) − σ (cos θ t < 0) = 0.235 (52) where again the errors are estimated by varying the factorisation and renormalisation scales.
Assuming that the total cross section is given by Eq. (43), the correction to the SM asymmetry can be expressed as
F B = 0.0342
−0.009 c Aa + 0.0128
We see once again that the leading contribution comes from the isospin-0 operators. The region of parameter space in the (c Aa , Λ) plane that can explain the A F B for c ′ Aa = 0 is shown in Fig. 8 . It is instructive to link the simple analysis given above with models featuring an axigluon A, i.e., a massive color octet gauge boson coupled to chiral fermionic currents. These models do generate a forward-backward asymmetry due to the interference between the SM amplitude and that of→ A → tt. If the scattering energies are smaller than the mass of the axigluon, the interference terms exactly match the term in Eq. (27) proportional to c Aa . If the axigluon has a flavour-universal coupling to fermions with a strength proportional to the QCD couplings, g s , as in Ref. [57] , then the relation c Aa /Λ 2 = −2g
A (where m A is the axigluon mass) obviously leads to a negative asymmetry. To generate a positive asymmetry that could explain the Tevatron result, a flavour non-universal axigluon is needed. More precisely, the coupling of the axigluon to the third generation and to the light quarks should be of opposite sign [65, 71, 73] :
A is then positive and can potentially explain the Tevatron data for a mass of the axigluon around 1.5 TeV provided that its couplings are of the same order as the QCD coupling. 3 We also note that models where a flavour-violating Z ′ is exchanged in the t-channel in→ tt , have a chance to give a positive asymmetry only if the Z ′ is relatively light [63] . Indeed, in the heavy regime (m Z ′ ≫ m t ), the contribution of the Z ′ to the top pair production is fully captured in terms of our effective Lagrangian with in particular c Aa /
′ to the flavour-off diagonal currentt i γ µ q i . Therefore it leads to a negative asymmetry. In Fig. 9 , we plot the prediction for A F B from an axigluon with coupling g s to all fermions and the prediction obtained with the corresponding effective operator (C Aa = −2g
. This shows that our effective field theory approach is a good approximation at the Tevatron for masses M A 1.5 TeV, comparably to the LHC (see Fig. 6 ). Finally, as an illustration of the simplicity of such an approach, we consider the forwardbackward asymmetry at LHC. In this case the symmetry of the pp collision and the dominance of the gg channel for tt make it particularly challenging. A possibility is to build the so-called central rapidity asymmetry
where y C is the rapidity cut defining the "centrality" of an event. The value y C = 1 has been shown to be close to optimal in Ref. [57] . A straightforward calculation using c Aa
as a central extraction from the Tevatron data gives rise to very small asymmetries, A C 1%, at the LHC both at 14 TeV and 7 TeV. While the effects of new physics could be enhanced by requiring, for instance, a minimal invariant tt mass, it is also clear that measurements of forward-backward asymmetries will be very challenging at the LHC.
Spin correlations
We are here focussing on spin correlations which can provide further information on the coupling structure of the production mechanism (for alternative approaches see Ref. [74] ). Spin correlations are good observables to disentangle the contributions from the two operators O Rv and O Lv since at high energy O R/Lv should produce mainly right/left-handed tops and left/right-handed antitops.
In fact, there is only one dimension-six operator affecting the top decay, HQ σ µν σ I tW I µν , which however does not modify the maximal spin-correlation in the leptonic decays of the top quark [24, 75, 76] , i.e.,
where θ is the angle between the charged lepton and the spin of the top quark and the arrows denote the different projections of the top spin. Consequently, the general form of the normalized differential tt cross section is given by 1 σ
where θ + (θ − ) is the angle between the charged lepton l + (l − ) resulting from the top (antitop) decay and some reference direction a ( b). For this study, we chose the helicity basis, a = − b = p 1 where p 1 is the top momentum in the tt rest frame 4 . There is a one-to-one relation between the parameters C and b ± and the helicity cross sections,
The explicit formulas for the helicity cross sections are given in App. C and lead to (neglecting the contributions from the isospin-1 sector):
+1.06 −0.72 + 0.37
−0.08 c hg + 0.50
b × σ/pb = 0.45
at the Tevatron, and
b × σ/pb = 10
at the LHC. The parameters b ± are exactly proportional to the difference c Rv − c Lv and thus allow us to distinguish between right or left handed top quarks. Additionally, the parameter C depends quite strongly on c hg and c V v and can be used to detect the presence of new physics as shown in Fig. 10 for the Tevatron and the LHC respectively. The errors on the contour lines are only of a few percents. As expected, the parameters b = b + = b − only differ slightly from zero at the LHC where the contributions of O Rv and O Lv are small. A possible modification of the spin distribution both at the Tevatron and the LHC is shown in Figs. 11. However, it will be quite difficult to measure them at the Tevatron where only a few hundreds of events are expected and observed (Ref. [79] and Ref. [7] therein), while at the LHC we expect about a few millions of events after 100 fb −1 [80, 81] . 4 ttbb and tttt production at the LHC
While tt production appears as the leading process to probe any new physics in the top sector, there are physical situations where the operators of L tt are parametrically suppressed. As shown in Section 2.3, this is the case if the top quark is not an elementary particle but rather a composite bound state: the dominant operators are the ones involving composite states only. The tt process is still probing the dominant operators but at the loop level only. In these situations, a much better probe of the dominant dynamics (Eqs. (22) to (24)) is the direct production of four top-quarks or the production of two top-and two bottom-quarks [32] . The SM cross section for 4-top production is rather small (of the order of 5 fb at the LHC) and the operators of Eqs. (22)- (24) can easily give larger contributions. Contrary to pair production, the smallness of the SM cross section urges us to keep the squared amplitude from new physics instead of the interference with the SM as shown in Table 2 Thus, we are effectively computing the cross sections at the order O(Λ −4 ) and we also neglect the interference between the SM and any dimension-8 operators. The SM ttbb production is not as suppressed as the 4-top production, so the same approximation would be a priori valid only for smaller values of the scale of new physics (or for larger couplings). However, we can make use of the particular kinematics associated to the new physics operators to improve our approximation. Indeed, the new physics squared amplitudes grow with the energy as shown in Fig. 12 . Therefore the bb pair will be produced with a higher invariant-mass in presence of new physics, and a cut on the bb invariant-mass will suppress the O(Λ −2 ) terms compared to the O(Λ −4 ) ones. Moreover, such a cut will also improve the ratio of the signal over the SM background as shown on Fig. 13 .
For both tttt and ttbb production, the operators defined in Eqs. (22)- (24) give cross sections of the same order of magnitude (see Table 2 ) and it is not possible to distinguish them just by a measurement of the total cross-section. Furthermore, as Fig. 12 suggests, they also generate similar distributions for all the spin-independent variables. However, the ratio of the two cross sections appears to be very different for the different operators and it is also independent of the new physics scale and of the actual couplings in front of the dimension-6 operators provided that the interferences with the SM contribution can be safely neglected. A detailed study of four-top production at the LHC will be presented in Ref. [82] (see Ref. [83] for a preview). Figure 13 : Effect of the bb invariant-mass cut on the signal over background ratio. R =
is the double ratio of the signal (contribution from new operators) over the background (contribution of the SM) with and without the cut on the bb invariant mass. In our approximations, R is independent of the new physics scale and of the actual couplings in front of the dimension-6 operators.
Summary
In theories that provide a mechanism for mass generation, new physics must have a large coupling to the top quark. It is therefore natural to use top quark observables to test the mechanism responsible for electroweak symmetry breaking. We have shown how non-resonant top-philic new physics can be probed using measurements in top quark pair production at hadron colliders.
Some of our results already appeared in the literature, although only subsets of dimensionsix operators were considered. For instance, there is an extensive literature [14-17, 21, 22] on the operator O hg , the chromomagnetic dipole moment of the top quark, while other works focused on the effect of additional four-fermion operators on top pair production at the Tevatron [18] [19] [20] 51] . Recently, all relevant operators were properly accounted for in Ref. [24] which however did not cover the corresponding phenomenological analysis. In our work, the aim is to provide a complete and self-consistent treatment in a model-independent approach and, especially, to extract the physics by combining information from the Tevatron and the LHC.
The analysis can be performed in terms of eight operators, suppressed by the square of the new physics energy scale Λ. Observables depend on different combinations of only four main parameters
where c hg is the parameter associated with the chromomagnetic dipole moment operator and c V v , c Aa , c Av correspond to particular combinations of four-fermion operators defined in Section 2.2. Let us summarize our main results on these observables.
1. Since top pairs are mainly produced by gluon fusion at the LHC, the measurement of the tt cross-section at the LHC will determine the allowed range for c hg . In contrast, the Tevatron cross section is also sensitive to the four-fermion operators and constrains a combination of c hg and c V v . Consequently, the measurements of the total cross section at the Tevatron and at the LHC are complementary and combining the two will pin down the allowed region in the (c hg , c V v ) plane. We emphasize that the O hg operator can only be generated at the loop-level in resonance models. Consequently, c hg is expected to be small in such models.
2. The shape of the invariant mass distribution at the Tevatron is sensitive to a combination of the parameters c V v and c hg which is different from the combination controlling the total cross section. It depends quite strongly on the presence of four-fermion operators and was used to further reduce the parameter space mainly along the c V v direction.
3. The forward-backward asymmetry that probes different operators than those affecting the cross section or the invariant mass distribution could be the first sign of new physics at the Tevatron. The scale of the new interaction(s) can then be estimated from the value predicted by our effective Lagrangian approach if a deviation from the SM is confirmed.
4. The three observables σ, dσ/dm tt and A F B are unable to disentangle between theories coupled mainly to right-or left-handed top quarks. However, spin correlations allow us to determine which chiralities of the top quark couple to new physics, and in the case of composite models, whether one or two chiralities of the top quark are composite.
In composite models, the ratio of c V v and c hg is very important since it reflects the number of composite fields in the SM. However, the peculiar hierarchy between dominant and subdominant operators cannot be tested in tt production that depends on one class of operators only. Fortunately, composite models can be further tested through the golden four-top channel and ttbb production at the LHC. Both processes are necessary to identify the dominant operators and thus to extract their coefficients. The hierarchy between the operators can be tested and used to estimate the strength of the new strong interaction, g ρ . We stress that the results for top pair production are generic while those for tttt and ttbb production require the enhancement due to a strong interaction. These two processes would disappear in the SM background if they are not enhanced by a factor g 2 ρ .
Finally, we stress that in the most recent compositeness scenarios, other mechanisms could lead to tt + X final states, such as the decays of fermionic top partners, adding to the richness and interest of these final states. Studying higher dimensional operators capturing these effects could be interesting. We leave this for future investigation. 
where P L/R = (1 ∓ γ 5 )/2 are the usual chirality projectors and γ µν = 1 2
[γ µ , γ ν ].
B Feynman diagrams for tt production at order O Λ
−2
At the O(Λ −2 ) order, the two parton-level cross sections for tt production follow from the Feynman diagrams depicted in Fig. 14 (74) These expressions correspond to the differential cross sections (27) and (28) integrated over the scattering angle.
